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TO THE EDITOR
Stem cells are multipotent cells capable
of self-replicating and differentiating
into several lineages. In the skin, stem
cells reside in the hair follicle bulge
areas throughout hair cycling, growth
(anagen), involution (catagen), and rest
(telogen) stages (Cotsarelis et al., 1990;
Paus and Cotsarelis, 1999; Cotsarelis,
2006). The stem cells in the hair bulge
can differentiate into cells of hair
follicles, sebaceous glands, and inter-
follicular epidermis (Oshima et al.,
2001).
In contrast to the stem cells in hair
follicles, the localizations of stem cells
in nails have been less characterized.
Tritiated glycine injection into squirrel
monkey and autoradiographic pulse–
chase study (Zaias and Alvarez, 1968)
confirmed that nail matrix cells move
superficially into nail plates and distally
into nail bed cells. It is, however,
unclear which part of the nail matrix
is rich in stem cells.
To explore the localization of stem
cells in the nails, we used a peculiar
character of stem cells; they are very
slow cell cycling cells and retain labels
in the nucleus over several weeks
(Cotsarelis et al., 1990). We performed
BrdU pulse–chase experiments in
BALB/c Cr Slc mice as previously
described (Togo et al., 2006) and
detected BrdU-labeled cells by immuno-
histochemistry. Label-retaining cells re-
side in the basal layer of the nail matrix
adjacent to the nail bed (Figure 1a and
b). As LIM homeobox protein 2 (Lhx2)
is a good marker for stem cells in hair
follicles (Rhee et al., 2006), we next
performed an immunohistochemical
study with an anti-Lhx2 antibody.
Lhx2-positive cells exist in the basal
layer of the nail matrix adjacent to
the nail bed and underlying dermal
fibroblasts (Figure 1c). (All animal
experiments were approved by the
Institutional Review Board at Gunma
University, Faculty of Medicine.) These
results suggest that nail stem cells reside
in the basal layer of the nail matrix
adjacent to the nail bed.
To explore the molecular mecha-
nism of onychocyte differentiation, we
focused on a gene R-spondin family,
member 4 (Rspo4), whose human
homolog is responsible for an inherited
anonychia (Bergmann et al., 2006;
Blaydon et al., 2006). R-spondin family
proteins bind to frizzled homolog 8
(Drosophila) (Fzd8), and low-density
lipoprotein receptor-related protein 6
(Lrp6), and augment the signal by
catenin (cadherin-associated protein),
beta 1 (Ctnnb1) (Nam et al., 2006).
Real-time reverse transcription-PCR
showed that Rspo4 mRNA levels are
higher in adult mouse digits than during
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Figure 1. Label-retaining cells in the mouse nails. (a) Label-retaining cells in the nails (arrows). Five newborn BALB/c Cr Slc mice were purchased from the
SLC company (Hamamatsu, Japan) and maintained at the Institute of Laboratory Animals, Gunma University. BrdU (100mg/kg/day; Sigma-Aldrich, St Louis,
MO) was injected subcutaneously daily for 5 days. Mice were killed after 4 weeks and frozen nail sections were stained with a BrdU IHC kit (Kamiya
Biochemical Company, Seattle, WA) according to the manufacturer’s instructions. (b) Low-magnification photomicrograph of the sagittal section of the nails.
The proximal, middle, and distal aspects of the distal phalanx of one digit in Figure 2d and e. (c) Lhx2 expression in the nail matrix cells (arrows). Frozen sections
of 5-week–old female BALB/c Cr Slc mouse nail were stained using 100 times diluted anti-Lhx2 antibody (sc-19342; Santa Cruz Biotechnology, Santa Cruz,
CA) and LSABþ System-HRP (Dako Cytomation, Glostrup, Denmark) according to the manufacturer’s manuals. Bar¼ 100mm.
Abbreviations: Lhx2, LIM homeobox protein 2; Lrp6, low-density lipoprotein receptor-related protein 6
nail organogenesis in 18-day-old em-
bryos (Figure 2a). Immunohistochemis-
try revealed that both Fzd8 and Lrp6 are
most highly expressed in the basal layer
of the nail matrix (Figure 2b and c).
Furthermore, real-time PCR showed
that Fzd8 mRNA and Lrp6 mRNA are
more highly expressed in the middle
part of the nails containing label-
retaining cells than in the proximal or
distal part of the nails (Figure 2d and e).
Distal nail refers to the hyponychium
and parts of the nail bed; middle refers
to parts of the nail bed and the matrix;
and proximal refers to the matrix and
the nail fold epithelium along with all
the underlying connective tissue. These
results may indicate that Rspo4 secreted
by dermal fibroblasts (Blaydon et al.,
2006) binds to the Fzd8 and Lrp6
expressed by the label-retaining cells
in the nail matrix and controls their
differentiation.
Our results of the localization of
label-retaining cells in the nail matrix
are also well in accordance with the
phenotype of transgenic mice expres-
sing activated Notch1 (Lin and Kopan,
2003). Ectopic expression of activated
Notch1 in nail matrix cells resulted in
the activation of canonical Wnt–catenin
beta 1 pathways and hyperproliferation
of the nail matrix. Twenty-two hours
after the BrdU injections, more BrdU-
positive cells were observed in the
middle of the nails above the label-
retaining cells than in the proximal or
distal nails. This indicates that during
nail organogenesis, Notch1 might acti-
vate stem cells in the nail matrix.
However, it is still unclear whether this
signaling pathway is also involved in
regulating postdevelopmental nail
growth. The frequent expression of
Fzd8 and Lrp6 in the nail matrix
demonstrated by our study suggests that
mesenchymal–epithelial interactions
through Rspo4– Fzd8– catenin beta 1
pathways might also control postnatal
growth of nails.
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33505; Santa Cruz Biotechnology), anti-Lrp6 antibody (sc-17984; Santa Cruz Biotechnology), and
LSABþ System-HRP (Dako Cytomation), according to the manufacturer’s instructions. (d, e) Expression of
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(Figure 1b). Distal nail refers to the hyponychium and parts of the nail bed; middle refers to parts of the
nail bed and the matrix; and proximal refers to the matrix and the nail fold epithelium along with all the
underlying connective tissue. Total RNA was extracted from the nails with columns (n¼ 4; RNeasy Mini
Kit; Qiagen) and was reverse transcribed into cDNA by first-strand cDNA synthesis kit RT–PCR (Roche
Diagnostics). The expression levels of Fzd8, Lrp6, and glyceraldehyde-3-phosphate dehydrogenase were
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Mm00521783_m1, and Mm_99999915_g1, respectively; Applied Biosystems) with 7300 system
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TO THE EDITOR
Mouse mutants have provided substan-
tial insight into genes controlling
cutaneous pigmentation, hair follicle
development, and trichogenesis. Be-
cause of the ease of ascertaining these
phenotypes, more than 200 different
skin, hair, and pigmentation loci have
been defined by spontaneous mouse
mutants, many of which are repre-
sented by multiple alleles (www.infor-
matics.jax.org). Among these mutants is
fuzzy (fz), for which there are at least
five previously described alleles (Dickie
and Woolley, 1950; www.informatics.
jax.org). Homozygous fz mice have
sparse fur, abnormal hair morphology
(Mann, 1964; Mayer et al., 1974), and
an overall acceleration of hair follicle
cycling due to abnormalities of catagen
and anagen phase initiation (Mecklen-
burg et al., 2005). Here, we report a
new allele of fz and describe the
molecular basis of the phenotype.
In a 129S6/SvEvTacC57BL/6J
(129B6) F2 intercross, we found a
sibling pair of animals with sparse curly
coats, and curved vibrissae, closely
resembling the fz phenotype (Figure
1a and b). We mapped the new
recessive phenotype in a genome-wide
screen of DNA from 108 affected
((129B6)129 (N5F1)CAST/Ei)F2
animals to the extreme proximal por-
tion of chromosome 1 in the vicinity of
the fz locus (Dickie and Woolley,
1950). All animal procedures were
approved by the Animal Care and Use
Committee at Children’s Hospital Bos-
ton. Fine mapping with novel micro-
satellite repeat markers localized the
mutation to a 193 kb interval between
9.902 and 10.095Mb (www.ensembl.
org), which contains the genes for the
serum/glucocorticoid regulated kinase
3 (Sgk3) as well as two novel expressed
sequence tags. Sequencing of the pre-
dicted exons and intron/exon bound-
aries of the expressed sequence tags
yielded no differences between the
mutant and wild-type alleles. However,
genomic PCR analysis of Sgk3 in
homozygous mutant DNA revealed a
deletion of 2.4 kb encompassing exon
18, a portion of intron 17 as well as
sequences encoding the 30 untranslated
portion of the mRNA (Figure 1c).
Southern blotting of mutant and wild-
type DNA with an exon 18 probe
confirmed the germline deletion (Figure
1d). This mutation is predicted to
truncate the Sgk3 protein at valine
440, deleting the C-terminal 55 amino
acids (V439X), which include the entire
C-terminal protein kinase C-like do-
main (Figure 1j). On the basis of these
data, we concluded that our mutant
was an allele of Sgk3 (Sgk3fz-Mdf ).
To determine if Sgk3 was also
mutated in genetically confirmed fz
alleles, we sequenced the Sgk3 gene
in B6.Cg-fz H54 Mlphln/þH54/þ /J
and found a single base-pair insertion
in exon 10 (ins579A of the cDNA)
predicted to result in a frameshift and
premature termination of the protein
after leucine 192 (L192X) within the
serine/threonine kinase domain (Figure
1e). In fzica, we demonstrated by RT-
PCR an abnormally long RNA transcript
resulting from aberrant splicing induced
by a class II retrotransposon insertion in
intron 6 (Figure 1f and g). Genomic
PCR and Southern blotting revealed a
deletion of exon 16 of a radiation-
induced fz allele, frowzy (fy; Figure 1h
and i), predicted to result in an in-frame
deletion of 52 amino acids (P359–F410).
Sgk3 is one of three homologous Sgk
proteins in mammalian genomes that
have been implicated in a wide variety
of homeostatic processes and stress res-
ponses (Tessier and Woodgett, 2006).
During the course of this work, the Sgk3
targeted deletion phenotype was de-
scribed independently by two groups
(McCormick et al., 2004; Alonso et al.,
2005), and a third reported the posi-
tional cloning of an N-ethyl-N-nitro-
sourea-induced mutant allele of Sgk3
(Masujin et al., 2004; Okada et al.,
2006). In each case, the investigators
found a phenotype virtually identical to
fz, and collectively implicated Sgk3 in
the proliferation, differentiation, andAbbreviation: EST, expressed sequence tag
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